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Abstract—We have investigated the structures of U (VI) complexes as uranyl moieties sorbed onto a
[ reference montmorillonite, SAz-1, using X-ray absorption fine structure spectroscopv (XAFS) The uranyl- ‘p,‘\5161778 79
joaded clays were prepared from aqueous solutions of uranvl nitrate 1n the pH range from 30t0 35 ‘(5
The U concentrations on the clav ranged from 1 7 to 34 6% of the reported cation exchange capacity ¥
(CEC = 12 meq/g) of the clav For all samples, XAFS results indicate that there are two axial oxygen
atomsat | 78-1 80 A, as expected for the uranvl motetv The average numbers and distances of equatonal
oxvgen atoms about uranyl sorbed on the clay vary significantlv as a function of surface coverage At
hugh coverage (34 6% CEC), the average number and distance of equatonal oxygen atoms are near those
found for the fullv hydrated uranyl species in aqueous solution However there are fewer equatonal
oxsgen atoms at a shorter average distance about uranvl sorbed at low coverage (1 7% CEC) At moderate
coverage (7 3% CEC), the average number and distance of equatorial oxygen atoms are intermediate \é‘ >
between those at higher and lower coverage These changes suggest that sorbing U 1s reacting with at least Sl
three different sites on the clay as U concentration increases The existence of muluple surtace sites and T l_s o€
sorption complexes which are structurallv disunct from solution species need to be considered for ngorous
modeling of sorption processes
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that UO-(OH)" forms a monodentate sorption complex and
(UO.):{OH)? torms most probably a bidentate sorption
complex In contrast TRIPATHI (1984) successfulls modeled
uranvi sorption onto goethite assuming that the anionic spe-
cies. UO (OH); sorbs For carbonate-nch waters the amonic
carbonato (DAVIES et al 1964) or hemicarbonato (HO and
MILLER 1986) uranvl species 1s often thought responsible
for U uptake YAMASHITA et al (1980) proposed that two

INTRODUCTION

CONTAMINANT RELEASES that contain U are among the most
sertous problems that must be contronted bv environmental
restoration programs Plumes associated with mull tailings
operations often have elevated levels of U and toxic metals
with pore fluid pH values of 2-3 (MERRITT 1971) Uranium
1s also a pnincipal metal contaminant 1n souls at Depaniment

of Energv weapon processing plants (RILEY and ZACHARA
1992) Under oxidizing conditions dissolved U 1s predomi-
nc in the U(VI]) (uranyl) form (WEIGEL, 1986) and 1s
quuie mobile 1n the environment Recent studies have sug-
gested that sorption of uranium onto oxides (JAFFREZIC-RE-
NAULT et a! 1980 YAMASHITA etal 1980 Mava 1982
TRIPATHI 1984 HO and DOERN (985, HO and MILLER
1985, 1986) and clay minerals (BOROVEC 1981, TSUNASHIMA
etal, 1981 AMESetal, 1982 1983) may decrease U mobility
n the environment

In an effort 1o predict U mobility, previous studies have
proposed reactions governing sorption processes, based on
u' e measurements electrophoretic mobiiity, thermody-
naim.c calculations spectroscopic data and properties of the
solid The sorption complex has been suggested to form from
a simple reaction between the sohd surface and the predom-
nant solution species For example, U sorption onto oxides
1s greatest at near-neutral pH values, and, in the absence of
CO,, (UO,);(OH); has been proposed as the sorbing species
(Ho and DoERN, 1985, HO and MILLER, 1985) Hsi and
LANGMUIR (1985) modeled the uptake of U by Fe oxides
and hvdroxides ustng two solution species, they proposed
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amonic species UO.(OH); and UO5(CO,)3~ sorbed to hv-
drous utania however thev conciuded that the same surface
complex forms from sorption of both species
Rarelv 1s the stoichiometrv of the sorption complex de-
termined directly Several studies conducted in carbonate-
nch waters (DAVIES et al 1964 YAMASHITA et al 1980,
Ho and MILLER, 1986) have attempted to measure the car-
bonate-content of the sorbent or solution These authors
concluded that the sorbing carbonate complex does not re-
main intact on the sobd however these studies do not agree
on the stoichiometry of the sorption complex
Defining the reaction stoichiometry imphicitlv involves
identifving the reacung surface site Uranium strongly adsorbs
to mam oxide surfaces (MAYA 1982 Ho and DOERN 1985),
presumablv bonding directly to the amphoteric sites 1n a
chemical bond On clavs two broad classes of sites have
been identified crystallographically external amphoteric
( edge ) sites whose properties are pH dependent and fixed-
charge ( exchange’) basal plane sites whose reactivity 1s
thought 1o be independent of pH By analogy 10 results on
oxides the U may sorb to the amphotenc sites on the surfaces
of clavs as a funcuion of pH For clays the external surfaces
contam coordinatively unsaturated edge sites, corresponding
1o nonbndging sites on oxide surfaces these unsaturated edge
sites are thought to be much more reactive than saturated
sites (SPOSITO, 1984) Because oxygen atoms on the basal
planes of 2 1 clays (1¢ the siloxane surfaces ) are fully
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saturated they are not thought to protonate and deprotonate
hke amphoteric surface sites (SPOSITO, 1984) In contrast to
the properues of the amphotenc sites, where specific chemical
bonds may form, sorption 10 the extenor siloxane surfaces
and exchange processes with interlaver cations are governed
by electrostatics The dominance of electrostatics, 1n one case
vs chemisorption, in the other may result in distinct sorption
complexes at these different sites

Several stuches have attempted to :denufv and differentiate
these different sites and sorpuon mechanisms for uranvl spe-
aies by chemical and/or spectroscopic means TSUNASHIMA
etal (1981)and AMES et al (1982)argue that uranyl exchange
with interlayer cations 1s the predominant sorption mecha-
nsm on smectites TSUNASHIMA et al (1981) report that Ca®*
release from the interlaver is ssmilar to the U uptake bv the
clay, and infer that the interlaver cation was displaced by U
TSUNASHIMA et al (1981) also argue that the hnear uranvl
mosety 15 onented parallel 10 the basal plane of the clav based
on the collapse of the interlaver spacing upon heating of ura-
nyl-loaded montmonllonite AMES et al (1982) calculate an
enthaipy of sorption (from the iemperature dependence of
U uptake) which 1s consistent with exchange reactions and
not specific sorption SUIB and CARRADO (1985) argue that
the two or three distinct luminescence lifetimes observed for
uranvl-Joaded clavs are evidence for multiple sorption sites
DENT et al (1992) argue that the XAFS spectra of uram!
sorbed 10 montmorillonite at moderate coverage 1S consisient
with eachange of a uranvl carbonato complex 1nto the inter-
laver However ZACHARA and MCKINLEY (1993) have suc-
cessfulis modeled uran] sorption onto two different smecutes
as a combination of adsorption to two distinct amphotenic
edge sites and exchange 1nto the interlaver Recentlv, MORRIS
et ai (1994) deconvolved the composite emission spectra for
uranv] sorbed onto monimonllonte mto distinct spectral
signatures where the number and ratios of these signatures
are a function of uram] coverage Thev conclude that this 1s
evidence for at least four different surface complexes How-
ever the structures of the different complexaes and surface
sites were not discerned from these optical spectroscopic
methods

The present studv was underiaken to invesugate the nature
of U(VI) sorbed on clav from agueous solution and specif-
ically to discern changes in the uranyl sorption complex as
a function of surface coverage X-ray absorption fine-structure
(XAFS) spectroscopy provides exphiat information about the
local coordination sphere which may prove helpful in char-
actenzing the urany] sorption complex(es) To this end we
have used XAFS spectroscops to probe the structure of ura-
nmum sorbed on clav over a twentvfold range in coverage

TABLE | Uranyl-loaded clay samples

EXPERIMENTAL
Matenals

Uranmium (V]) solutions were prepared by dissolution of recrvs
tallized UO,(NQs), 6H,0 (obtained from the Nuclear Matenai
Technology Division of Los Alamos National Laboraton ) in deion
1zed water The muial pH of the U solutions used 1n the sorption
experiments was adjusted to pH = 3 0-3 5 with HNO: or Ca(OH),
solutions prepared from ACS reagent-grade chemicals The mont-
monlionite used 1n this study was SAz 1 a reference smecute clay
obtained from the Missoun: Clay Source Repository SAz-1 has Ca®*
as the dominant exchangeable cation and a cation exchange capacity
(CEC) of 1 2 meq/g (VAN OLPHEN and FRIPIAT 1979 AMES et al
1983)

Uranvl loaded clav samples were prepared by mixing SAz | (=50
g/L) with uran\i solunons of differenmi concentrations (0 5146 6 mM®
in polhvethviene centnfuge tubes under ambient conditions (Tabl
1) The clav suspensions were mixed for 20-48 h The suspension
were then centnifuged the supernatant removed and the solid rinsed
several umes with distilled deionized water The uranvl loaded clavs
were air-dned and hghtlv ground before being loaded nio 2mm
thick Al cells with mviar windows for XAFS data collecion Final
pH was measured for the supernatant in parallel expenments and
vaned from pH = 3 4 (highest coverage) 10 pH = 5 6 (lowest cov
erage) Uranium contents of the drnied clav samples (Table 1) were
determined using a kinetic phosphorescence analvzer (Chemchek
Instruments inc)

In addmion 1o the clay samples XAFS data were collected for a
S0 mM aqueous uranmvi solution The aqueous solution was prepare
as above with pH adjusted 1o 2 0 with HNO, at this pH and uram
concentrauon the domnant solution species (>99%) 1s fully aquatea
UO™ (GRENTHE 1992) The solution was svringed into an Al sampie
holder with mylar windows for XAFS data collecuon

\AFS Data Acquisition and Reduction

Spectra were obtained on beamitne X 8C at the National Svnchro-
tron Light Source under dedicated operating condiions (2 § GeV
eleciron energy  110-220 mA stored current) Si [220) monochro
mator cnstals were used detuned 10 remove harmonics by rotaung
the second cnstal around the 6 axis to lower the beam intensity ¢
2= 30-30% of ns maximum Measurements were performed 1n 1l
transmission mode Two to fourteen individual scans of each sample
were collected and subsequently averaged dunng the data reduction
process

Cahbrauons of the U Ly-edge were obtained simultaneoush with
the sample spectra or between samples by measunng the fluorescence
from a slug of Ug ¢sW ¢ ¢~ alloy placed behind the second 1on chamber
the cahbranon standard and fluorescence detector were positoned
relative 1o the second 1on chamber such that fluorescence from the
standard would not interfere with the sample signal The energy of
the inflection point of the first feature 1n the spectrum of this standard
was defined as 17167 eV the 1onization threshold E, was set ~*
17185 eV from which A values were determined according 1
k= [(2m/h*NE~Ey)}'? The edge was normalized by fitung poh
nomals through the pre-edge and XAFS regions and making the
difference between the extrapolations of these polvnonuals unity at
Ey A three segment polvnomal spline was fit 1o the region bevond
the edge the difference between the data and this sphine divided b

Sample® [Uhnat pHit

(mmolg) (mM)

0 208 46 6 30
0044 498 35
00103 0 506 30

[Ukot/Isohdliot

% uptake prmal % CE Cb

{molig)
g 814e-04 212 34¢ 34 60
9 704e 05 453 44 733
9 898e-06 104 4 5 6¢ 172

& Sampie name refers 10 the sorption density expressed as mmoles 1) sorbed per

gram dry weight of clay

b Sorption density as % CEC assuming CEC = 1 2 meg/g
¢ Estmated from pH measurements for parallel expenments
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Speciation of uranyl adsorbed on monimonilonite 3627

the fall-off in the atomic absorpuion 1s the XAFS Two cntena used
to determine the best sphine were (1) that it mimmized the ampistude
of the Founer transform modulus below R = 1 A, and (2) that 1t did
so without changing the amphtudes of features at higher R (corre-
spot ding to actual components af the local structure) relative to
sput o~ with fewer degrees of freedom, 1¢ that the background was
not overdetermined

Syructural parameters for the first-coordination shells were obtained
by curve-fits using empincal phase parameters derived from XAFS
spectra of several solid uranyl compounds with known crvstalline
structures and empincal amplitude parameters denved from the
spectrum for the aqueous uranyl solution * The k>-weighted raw data
were first fit over the range k = 2 2-11 5 A™', the contnbutions of
tbe axial and equatonal oxvgens were each fit with a single shell,
floating the urantum-oxvgen (U-O) distance (R), the number of ox-
vgen atoms (N) and the Debye-Waller factor (¢) for each shell The
structural parameters (R N and o) for the axial oxvgen sheil were
obr  d from thus fir

I~ urmation on atoms in the equatonal plane were extracted bv a
more involved procedure First the XAFS from the axial oxvgens
according to the first fit described above was subtracted from the
raw data Because the XAFS is a sum of contnbuuons from indsvidual
shells the residual contains the XAFS from the nearest neighbors
other than the subtracted uranyl oxygen contribution this residual
was Founer transformed over the range k& =~ 2 3-8 > o™ (using the
closest nodes as end pomnts) and then back-transformed over the
range R = 1 1-2 5 A 10 obtain the Founer-filtered XAFS spectrum
due 10 onlv the equatonal oxvgens This spectrum was subsequently
curve-fit over the range k = 3-8 A~! with a single U-O wave floaung
R ' and o for that shell Because of the limited data range the
n.  orof atoms for this shell 1s reported as the mntegral of the overall
ampinude N [ di exp(—2i2s*) refauve to the aqueous solution
Reducuons in the amphiude may therefore orginate from either a
reduction 1 N and/or an ncrease n ¢ for this shell The thermal
contnbution 10 ¢ will be Gaussian and increase with increasing R
but will not change significantly over the range of bond lengths ob-
served here However stauc disorder mav produce a non-Gaussian
distnibution of U-O bond lengths which will resuit 1n the phase not
being well-fit by a single shell of equatonal oxvgen atoms Therefore
the Jack of a good fit of the phase bv a single shell of equatonal
oxygen atoms is diagnostic that static disorder contributes 10 a decrease
In the amplitude

~ errors in the structural information tvpicallv determined by

cur ¢ fits of XAFS data are assoctated with (1) the qualitv of the data
n terms of the signai-to-noise ratio and the success of the background
removal process (2) the degree of the chemical (structural) corre-
spondence between the actual system and the model compounds
used 10 denve the parameters defining the XAFS [the ampiitude
mean free path radial distnbution function {Debve-Waller terms for
harmonic distnbutions) and change n the onizaton threshold
(AL} and (3) the difficulty in uniquelv determimng those parameters
that are correlated with one another

Assuming good data qualitv the accuracy of XAFS 1s customanly
taken as = 001~0 03 A 1n the absorber-neighbor distances * 15—
2 n the numbers of neighbor atoms in a sheil and = 2-5 n the
W ncation of the atomic numbers of the neighbor aioms These
errors nse from the fact that although X-rav absorpuon 1s to first

* Studtes of the coordinanon about aqueous uranv! have concluded
that there are either five (EVANS, 1963 ABERG et al 1983) or six
(VDOVENKO, 1960 SHCHERBAKOV and SHCHERBAKOVA 1976)
tquatonal oxygen atoms Companson of the amphitude of the XAFS
for aqueous uranyl with the XAFS for an organic solution of uranyl
nitrate 1in 20% tnbutyl phosphate/dodecane (C J Chisholm-Brause
ut bl data), which s known to have six equatorial oxygen bonds
( 1LLZ and NavRATIL 1984) suggests that there are a1 least six
€quatonal oxygen atoms about uranvi in the pH = 2 005 M aqueous
UO:(NO;), solution

¥ The data range was hmited as a result of an instrumental artifact
that produced a medium-frequency ghitch Thus ghich interfered with
the higher frequency lower amphtude signal from the equatonal
atomsat k> ~8 A~!

order an atomic propertv certain parameters (e g the Debve Waller
factor shift in the 1onization threshold and loss terms) are nevertheless
modihed by the chemical attnbutes of the absorber Thus parameters
denved from model compounds may not be tdenucal to those of the
unknown compound for which the parameters are used to fit the
data It 1s clear however that the errors ansing from the degree of
the correspondence between model and unknown svsiems are sys
termatuc rather than random Therefore thev can be substantially
rmimmzed bv standardization using the XAFS of compounds of
known structure closelv related to the svstem being deterrmned Such
standardization also will diminish parameter correlation errors wich
onginate from the fact that certain sets of parameters (e g the Debve-
Waller factor and the number of atoms the shift in the 10nization
threshold and the absorber neghbor distance) although possessing
different funcnonal forms exert similar effects on the XAFS The
effects of parameter correlation become more important as the data
range 1 dimimished This problem 1s amehorated bv fixing the values
of certain parameters via the same standardization procedure used
10 se1 the phase shift ana amplitude

In comparing the XAFS-denved structures of related svstems where
the XAFS parameters should be verv simular or Wdenucai (1e  the
correspondence 1s quite high) a difference 15 essentiallv as significant
as the data quahty Thus the precision (as opposed to the accuracv)
of an X AFS measurement can be sufficient 1o track easilv a change
from one chemical species to another For exampie we have observed
changes in the Cu-O bonds in doped La-CuO, of 0 02 A mn exact
agreement with diffraction resulis (§ D Conradson unpubl exper-
imental resuits! and have foilowed the substitution of H.O bv
NO5 1n Pu(lv) complexes by tracking the second and third shell
amplitudes with a precision of ca 0 2 atoms out of four (VIERS et
al 1992) Again using the fact that the siructural parameters are
denved from the tull range of the data (albeit with increasing sensiivity
as the range increases) our expenence s that compansons utihzing
the quahues ot the fits and the differences between the hits can vahdate
differences ot < 0 01 A in relanve distance and < >-10% in relative
numbers of atoms 1n chemicallv similar svstems An additional re
quirement to atan ths level of precision 1s that the daia being com-
pared must be analvzed over the same range and in the same manner
This 1s to avord background subtraction Founer filtenng and fitting
parameter arhifacts since these operations are all dependent on the
range of the data to which thev are apphed

RESULTS

The edge regron of an X AFS spectrum can be very sensiive
to subtle changes 1n the electronic and molecular structure
of 1he central atom Thus although interpretation of 1its fea-
tures mav be difficult the edge 1s nevertheless a useful di-
agnostic for changes in the absorber environment The U
Ly-edge spectra of the four samples under discussion, 50
mM aqueous UO3* solution at pH = 20 and aqueous
UO?* sorbed on SAz-1 montmonllonste at § 208, 0 044, and
0103 mmot L/g clav (Fig 1), all show the charactenstic fea-
tures of the uranvl motetv the broad white line peaking near
17178 eV and the shoulder at =~17190 eV (PETIAU et al,
1984 FarGeEsetal 1992) Closer inspection shows a subtle
narrowing ot the width and apparent decrease 1n the height
of the white line at the two lower loadings This observation
suggests that the gross features of the local structure about
uranvl will be conserved but that these complexes are not
identcal

Confirmaunon of this interpretation 1s given by the XAFS,
shown in Fag 2 as the Founer transform representation
Fourer transformation produces a (phase-shifted) map of
electron scattenng density around the central atoms with
each shell of atoms around the absorber contributing a peak
in the transform modulus The peak position 1s related to
the distance 10 neighbonng atoms (R} and the peak amplitude

g S
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FIG } U Lyredge spectra for (a) 50 mM aqueous soluuion pH
2 soln {(~===) and uranv] sorbed on montmonlionne at (b) 0 208
mmol clav (~—) (c) 0 044 mmol clav (~ =) and (d) 00103 mmol

clay (---)

1s related 10 the number of neighboring atoms (A) and the
thermal and statuc disorder (o) for that shell However the
XAFS due to coordinating atoms with similar bond lengths
will not be resolved 1nto separate peaks in the Founer trans-
form representation
The large peak near R = 13 A 1n all the spectra 1s the
contnbution from the axal oxvgen atoms (Fig 2) 1ts structure
1s essentiallv invanant which 1s consistent with known uranv!
chemistn The neat peak around R = 19 A 1s the contni-
bution from equatonal ovigen atoms which compnise the
next nearest nesghbor sheil ca 0 6 A farther from the U atom
This peak exhibits a distinct decrease 1n amphtude at Jower
U loadings which mndicates that the equatonal hgands are
undergoing some tvpe of change as conditions for uranvl
sorption onto the clav are changed
To facilitate charactenzaunon of the equatonal shell the
XAFS contnbution from the axial oxvgen atoms was removed
from the spectrum by the procedure descnbed in the exper-
imental section, leaving the XAFS from the remamnder of
the structure (Fig 3) The XAFS from the equatonal oxygen
shell was then further 1solated by a Founer filtening step (Fig
4) At this level changes in both the amphtude and phase
among the samples are apparent The spectrum of the
aqueous solution exhbits the largest amphtude the least
damping of the amplitude with increasing A and the highest
frequency indicating, respectively the largest number of at-
oms the smallest amount of disorder 1n the equatonal oxygen
shell and the longest average U-O,, distance For the clay
samples as the U Joading decreases, the relative amphtude
and frequency of the fihered X AFS decrease (Fig 4) which
1s consistent with a reduction in the number of equatonal
atoms and/or an increase in disorder, and a decrease in the
U-O,, bond length respectively
These interpretations of the data are corroborated bv the
curve fiting results (Table 2) For the sample with the highest
uranvl loading (0 208 mmol/g) the U-O,, bond length 1s
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FIG 2 Founer transform representation of the AAFS for thes.m
ples 1n Fig 1 Top to botiom (a) 50 mM aqueous solution >H
= 20 and uranvl sorbed on montmonifonite a1 (b) 0 208 mmol U/
g clay (c) 0 044 mmol U/g clay and (d) 0 0103 mmol U/g clay

0016 A shorter than 1n the aqueous solution with further
reductions of 0 030 and 0 053 A as the loading 1s reduced by
factors of 5 and 20 The overall amplitude reflecting both
the number of atoms and the disorder also decreases mono-
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Fi1G 3 Residual raw X AFS spectra for the samples in Fig 2 after
the contribution from the axial oxygens was subtracted Top 1o bot
tom (a) 50 mM aqueous solunon pH = 2§ and uranvl sorbed on
montmonlionite at (b) 0 208 mmol Uyg clay (c) 0 044 mmol U/g
clay and (d) 0 0103 mmo} U/g clay
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Fic 4 Companson of the filtered XAFS spectra containing only
contnbutions from the equatonal oxygen shell for the samples 1n
Fig. 1 (a) 50 mM aqueous solunon pH = 20 (=) and uranyl

sorbed on montmonllonste at (b) 0 208 mmol U/g clav (—), (¢)
0044 mmol U/g clav ( ) and (d) 0 0103 mmal L/g clav (---)

tor:cally to about 58% of us value 1n the solution sample at
th  >west loading (0 0103 mmol/g)

As previously discussed an increase in disorder affects both
the amphtude and phase of the XAFS The phase of the fowest
coverage sorpuicn sample (0 0103 mmol/g) 1s reasonablv well-
fit bv a single coordination shell (not shown) This suggests
that there 15 an actual decrease 1n the number of equatonal
oxygen higands relative to the aqueous solution However,
the amount of the amphitude reduction (Table 2) and the
small discrepancv between the phase of the fit and that for
the data 1s consistent with greater stanc disorder as well The
qu ty of the single shell fit 1s even worse for the 0 208 and
0 u~4 mmol/g samples, which 1s indicative of even greater
static disorder 1n these samples This increased disorder couid
be due to a2 mixture of two or more sorption species, each
having disunct U-O,, distances or to large static disorder (U-
0, distances which vary by 20 | A) 1n the equatonal plane
of a single sorption species

The curve-fits also reveal some changes 1n the axial oxygen
bond length an increase relatve to the solution of 0 014 A
and 0 018 A for the 0 208 mmol/g and 0 044 mmol/g samples,
re  ctively, which returns to the solution value at the lowest
lo..ing (0 0103 mmol/g) Although small, these differences
are within the <0 01 A relatuve precision of the method sug-
gesting that they are significant

DISCUSSION

The most significant finding from this work 1s the clear
demonstration of a change in the local structure about U
sorbed to montmontllonite as the surface coverage changes
Specificallv, as the surface coverage 1s decreased by a factor
of from 0208 to 0 044 mmol/g, there are fewer oxygen
g 1ds in the equatonal plane at a shorter distance (2 444 A
Vs 2414 A) As the surface coverage is further decreased to
00103 mmol/g, the number and distance of oxvgen hgands
In the equatonal plane about sorbed uramum further de-

crease The average number and distance of equatorial oxygen
atoms for U in the intermediate coverage sample (0 044
mmol/g) are between that seen at higher and lower coverages
However these results are not ssmplv a mathematical average
of the lowest and highest coverage species The axial oxygen
sheil of the 0 044 mmol/g sampile 1s not intermediate between
that for the 0 0103 and 0 208 mmol/g samples in fact, the
U-0,, distance 1s longest at intermediate coverage These re-
sults suggest that U forms at least three distinct sorption
complexes on montmonllonite As XAFS provides only av-
erage structural parameters for sorbed U, it 1s difficult to as-
cnbe structures to individual sorption complexes when the
signal anses from muixtures of species However by accounting
for changes 1n both the equatonal and axial oxvgen shelis
about U we can determine the general charactenstics of U
sorbed on clay at different coverages

Note that the amplitude of the filtered XAFS function for
the equatonal shell decreases as the frequencv (1e, U-Og
distance) decreases (Fig 4) A decrease 1n bond length con-
comitant with a decrease 1n coordination number 1s common
in uranvl coordination chemstrv On the basis of simple bond
strength calculations (ZACHARIASEN 1976), the bond lengths
determined 1n this studv mav be used to estimate the average
equatonal coordination numbers in a manner that 1s inde-
pendent of the XAFS determinations Specifically if the axial
o\vgen atoms are not involved 1n other bonds then the pre-
dicted equatonal oxvgen coordinanon number for a U-O,
distance of 2 391 A 2414 A and 2 444 A (corresponding to
the average distance 1n the low medium, and high surface
coverage samples) 1s =4 6 50 and 535 respectivelv (The
predicted coordination number for the aqueous solution with
U-Oy = 2460 A 15 5 7 near the value (6 0) estimated directly
from the amphitude of the filtered XAFS function ) These
coordination numbers are 0 81 0 88 and 0 96 times the value
for aqueous solunon This 1s evidence that the large reductions
in amplitude observed in the XAFS (relauve amphtudes of
058 065 and 077, respecuvelv) must be 1n part due to
disorder and not solely to a reduction 1n coordination
number

An equatonal coordination number of five 1s common for
uranvl coordinated by monodentate ligands (EVANS 1963)
The observed disorder may be within the equatonal shell of
a single species by analogy to numerous uranvl compounds
with five equatorial oxygen atoms at highly vanable U-O
distances (eg uranophane, CaUQ,(H;0)(8104); 2H,0,
boliwoodite KUO,(H;0)810,, bequerelite, Ca[(U0,)s0s-
(OH)é] SHZO billietite, Ba[(UOﬂgo‘(oH)b] 4H20, and
protasite Ba{(UQ0,);0,(OH),] 3H,O (STOHL and SMITH,
1981 PAGOAGA et al, 1987)) Alternatively, a predicted co-
ordination number of about 5 may represent the average
coordination number for several sorption species with 4, 5,
and/or 6 equatonal oxygen atoms at distinct U-O,, distances
Thus latter possibility would also resuit 1n an apparent large
disorder 1n the equatonal shell as observed in the XAFS

The predicted equatonal coordination number (=$5) and
the decrease 1n average U-O,, distance for the two lower cov-
erage samples suggest that equatonal hgands are lost upon
sorption of at least some of the sorbing species at these cov-
erages relauive to uranyl in aqueous solution (Table 2) Itis
hikelv that uranyl sorbs to distinct surface sites whose
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TABLE il Structural information for the first-neighbor oxygen shelis about
uranyl n aqueous solution and sorbed on clay?

Axial Shell Equatona! Shell

Sampie N R(A) Nratio? R (A)

50mM aq solution, pH=2 0 20 1780 100 2 460
0 208 mmole U/g clay 20 1794 077 2444

0 044 mmoie U/g clay 20 1798 065 2414

0 0103 mmole U/g clay 21 1781 058 2391

& The U O distances are typically accurate to £ 0 02 A the precision for closely related structures
is <0 01A The precision of the amphitude 1s typically 15 10 25%
b The ratio of the integrated ampittude {J dk N exp { 2k202)) of the sample to that of the urany!

solution

propertuies influence the local coordination about the sorbed
U Furthermore the surface coverage at which a loss in equa-
tonal hgands ts observed (0 044 mmol/g or =7% CEC) 1s
stmilar 10 the coverage (=6~9% CEC) where TSUNASHIMA
etal (1981)and M E Barr (pers commun 1992) report a
change n the slope of a Langmuir-tvpe plot of uranvi sorption
on montmonllonite These results suggest that there are at
least two distinct regions of uran\l sorption on montmoril-
lonite below and above = 7% CEC each region being dom-
nated bv sorpuon complexes with different local structures

The coincidence of a change 1n slope of the Langmuir-
tvpe plot of uranvl sorption and the appearance of a new
sorption species implies discrete binding energies for these
two species In general 1t 1s assumed that the most reactive
sites are the first occupied by a sorbing species and thus 1t
15 likels that the uranvi complex formed at low coverages 1s
taken up by a site to which 1 1s ughthh bound Furthermore
the changes in coordination (1e loss of one 10 two coord:
nating hgands) imph that sorpuon at the lower coverages 15
not governed exclusivelv by electrostatics but rather that
specific chemical reactions occur between the solution species
and sohd surface upon sorption

The two genenc tvpes of sorpuon sites identified on swelling
clavs (amphotenc edge sites and fixed-charge sites) probabh
have different affinity for aqueous uranvi and thus we might
expect uranvl sorbed on these sites to be distinguishable These
sites each constitute different fracuons of the total number
of available surface sites the pH dependent exchange capacin
of clavs which 1s an esttmate of the number of available edge
sites 1s generallv about 5~15% of the 1o1al exchange capacity
Thus 1t 1s possible that the sorption complex that forms up
to about 7% CEC 1s bonding 10 edge snes of the clay Fur-
thermore SPOSITO (1984) argues that edge sites on clays are
most reactive for sorption

The proposed existence of a third sorpthion complex which
1s detectable onlv at low coverages (<0 0103 mmol/g) indi-
cates that there 1s another subset of surface sites (which ac-
count for only a small fraction of the to1al available sites)
which are occupied first at the lowest coverages These com-
plexes mav bond directlv to the clay surface (1 e as an inner-
sphere complex) This specific sorpuon of uranvl 1o surface
sites mught allow for (if not require) the loss of equatornial
hgands

This interpretation 1s consistent with data from ZACHARA
and MCKINLEY (1993) who modeled uranvl sorption to
montmonllonite as a combination of adsorption to three dis-
crete sites two different amphotenic edge sites and fixed-

charge sites Sorption to edge sites was domnant at highec -
centrauons of background electrolvte (1 e conditions that
suppressed cation exchange) and at higher pH values (Za
CHARA and MCKINLEY 1993) In our expeniments the Ca
released nto solution during equilibrauon of the clav was
~ 14~18 mM and Ca** has been shown to outcompete urany
for fined-charge sites on montmorillonite (BOREVEC 1981,
TsunaSHIMA et al  1981) Thus exchange 1s expected 10 be
suppressed for our lower coverage samples with higher equt
hbnum pH values In contrast the uranvl solution concen
trauon of the highest coverage sample 1s much greater th 1
that of Ca and the sorpuon densitv exceeds that estmated
number of reactive edge sites Thus exchange 1n1o the fixed
charge sites 1s expected under these expennmental conditions

The sorpuion complex that forms at lgher coverages 1s
similar to the aqueous solution species waich suggests that
the local coordination sphere for this sorption complex 15 not
strongh affected by sorpunon TSUNASHIMA et al (1981) and
AMES et al (1982) argue that 10n exchange governs uranil
sorpuion onto montmonlionite at these high coverages The
similarity between the structure of the sorption complex a i
the aqueous urans! species 1s also consistent with exchange
nto the fixed-charge sites Although monovalent cauons (e g,
alkali metals) 1n the interlaver of smecties lose part of their
priman hvdranion sphere to form inner-sphere bonds at the
siloaane ditngonal cavities dinalent cations 1n general are
thought to retain their hvdration sphere upon exchange
(SPOSITO 1984) The dog, spacing of clays containing divalent
cations 1s consistent with the presence of a canon surrounded
bv 1ts pnmary hvdrauon sphere (SPOSITO, 1984 MCBRIDE
1986) ESR studies of exchanged divalent cations also de
onstrate that they retain their pnman hvdration sphere upon
exchange (HARSH and DONER 1984 GOODMAN 1986,
MCBRIDE, 1986) That the apparent amplitude of the filtered
XAFS function for the equatonal shell 1s lower than 111s for
the solution sample probablv indicates that the equatonal
oxygen shell 1s distorted Note however, that these are air-
dned samples and this distortion mav be due 1n parnt to
changes associated with drving The ssimilantv of the U-O
bond distance and shape of the XAS edge for the 0208
mmol/g sample and aqueous solution suggests that urar }
sorbed at high coverages remarns fullh Iigated as in aqueo. s
solution but that the equatonal shell 1s distorted

CONCLUSIONS

This studv demonstrates that structuralh disunct U(V])
sorption complexes form on montmonllonite as a funcuon
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of coverage That the change 1n the slope of the Langmuur-
type plot of uranyl uptake and the change 1n the structure of
the sorption complex occur at comparable surface coverages
s evidence that energetically different sites are involved n
the rption process This conclusion 1s consistent wath lu-
minescence studies that suggest that uranyl bonds 1o several
disnct sites on clays (SUiB and CARRADO, 1985, MORRIS et
al 1994) The differences between the dorminant species at
<7% CEC and those at mgher coverages may reflect sorption
onto amphotenic edge sites vs fixed-charge sites, respectively

The differences 1n the XAFS results for the two low-coverage
samples may also be attnibutable to the existence of two dis-
unct sorption complexes on the edge sites However, these
broad classes may not adequately account for all uranyl sorp-
nor 1 clays Further study 1s needed to determine 1f uranyi
bonc. directly to the clay surface at low coverages (analogous
to sorption on oxides) The evidence presented here also ar-
gues strongly for the existence of sorption complexes that are
structurallv distinct from solution species Furthermore the
uranyl sorption complexes which form at low coverages un-
der conditions which are more typical of environmental
problems, are the most disuinct from those 1in aqueous so-
luuon Such results need to be considered in ngorous mod-
eling of sorption processes
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